A study to analyze the influence of the fuel-cladding's thermal conductivity on the sub-channel of pressurized water reactor 1000 (PWR-1000) using COBRA-EN computer code was conducted. The purpose of this research is to gain complete understanding of sub-channel thermal-hydraulic aspects related to fuel performance, especially the appropriate range of thermal conductivity of UO2 fuel (kf) and zircaloy-4 cladding (kc) in order to obtain an accurate sub-channel analysis related to its safety behavior. The maximum fuel center line temperature using kf and kc as temperature function (MATPRO) for hot subchannel was 1717.65°C and taken as the reference in accepting the calculation result using fixed thermal conductivity. The analysis was accepted, if the deviation between both temperature was in the range of -10% to 10%. This analysis results for hot sub-channel was accepted for the calculation using value of kf in the range of 3.18 -2.90 W/m.K for all all variation value of kc While the calculation using value of kf of 2.53 W/m.K was accepeted for value of kc in the range of 16.76 -18.69 W/m.K.
INTRODUCTION
The analysis of core and sub-channel of a Nuclear Power Plant (NPP) has been performed in order to gain complete understanding of core thermal-hydraulic aspects related to fuel performance and NPP *Penulis korespodensi. E-mail: darwis@batan.go.id safety behavior. This analysisis conducted by a calculation using computer codes to obtain a prediction of thermal hydraulic performance of a NPP. An accurate prediction of thermal hydraulic performance of a NPP is crucial in its design and operation for both economic and safety reasons [1] especially the prediction of the peak temperatures of the fuel rods and coolant. These predictions depend to fuel meat, cladding and coolant outlet temperature in the steady state or transient conditions [2] .
Many researches on thermal-hydraulic of a NPP had been conducted by using fixed value for thermal conductivity. These researches were done on Pressurized Water Reactor 1000 MWe (PWR-1000) and Advanced PWR-1000 (AP1000) reactor core using COBRA-EN code related to evaluation on sub-channel design thermal-hydraulic [3] , grid-spacer effect [4] and the effect of radialaxial power fluctuations [5] . In this study, COBRA-EN code used thermal conductivity data of UO 2 fuel of 3.60W/m. o C [3, 4] and the thermal conductivity of Zircaloy-4 cladding of 18.69W/m. o C [3] [4] [5] . COBRA-EN code is also used on capability enhancement for VVER reactor calculation [2] , deterministic optimum loading pattern [6] , thermal-hydraulics modeling of nanofluids [7] , sub-channel analysis of nano fluid [8] and other research in VVER-1000 reactor [9] [10] [11] .
In an NPP, the heat generation in the fuel is influenced by the position of fuel assemblies on the reactor core. Heat generation in the fuel assemblies at central position of core tends to be higher than at the edge position in radial position, and tends to be higher than in the top and bottom of active core in axial position. The highest, averages and lowest heat generation of fuel assemblies each known as hot channel, average channel and cold channel, respectively. The heat generation in the fuel assemblies and the physical properties of the fuel, cladding and coolant will determine their temperatures. These physical properties such as the specific heat capacity (C p ) and the coefficient of thermal conductivity (k) of fuels and claddings are the ability of fuel and cladding to transfer heat to coolant and influenced by the temperature itself. Consequently, the differences of heat generation and physical properties will result the temperature differences in the fuel meat, cladding and coolant.
In order to obtain an accurate PWR-1000 sub-channel thermal-hydraulic analysis related to safety behavior, the analysis of core and sub-channel thermal-hydraulicof a PWR-1000 was conducted in which the core calculation was done by using COBRA-EN code. This analysisis performed in order to gain an understanding of sub-channel thermal-hydraulic aspect related to fuel performance in effective heat transfer processing, especially the appropriate range of thermal conductivity of UO 2 fuel and Zircaloy-4 cladding. The analysis of subchannel thermal-hydraulic using codes often encountered obstacles, e.g. the limitation of code in calculating physical properties as a temperature function such as conductivity and heat capacity of fuel and cladding. This limitations effectless accurate calculation results. Therefore, the sensitivity analysis of fuel and cladding thermal conductivity on subchannel thermal-hydraulic characteristics of PWR-1000 was conducted to obtain more accurate analysis results. The previous study discussed that the increase in the fixed value of the thermal conductivity of the fuel provided insignificant effect on reducing the peak cladding temperature during the accident [1] . In this research, the analysis was accepted if deviation between temperature values using fixed and temperature function of thermal conductivity was in the rangeof-10% to 10% [12] to avoid inaccuracy.
The purpose of this research is making the sub-channel thermal-hydraulic analysis of AP1000 accurate, with the emphasizing on the effect of fuel and cladding's fixed thermal conductivity value on temperature distribution of coolant, cladding and fuel. [13, 15] . The rod dimension of PWR-1000 is shown in Table1.
In this research, analysis of PWR-1000 sub-channel thermal-hydraulic was performed by making a comparison between the calculation using variations in fixed thermal conductivity as input data versus thermal conductivities as a function of temperature. The data used in this research are the thermal conductivities of Zircaloy-4 cladding and uranium dioxide fuel at a certain temperature during reactor operation obtained from previous studies. In the previous study using the fixed value of the thermal conductivity of the fuel provided insignificant effect on reducing the peak cladding temperature during the accident [1] . Therefore, this research needs to be performed because the valid range of thermal conductivity which involves conductivities as a function of temperature will be very useful in the analysis of advanced thermal-hydraulic of a nuclear power plant, especially in over power and/or transient condition and provides more accurate analysis results. The analysis were focused on the influence of the thermal conductivity of UO 2 fuel and the Zircaloy-4 cladding in the PWR-1000 core thermal-hydraulic, with the emphasizing on the effect of fuel and cladding's conductivity value on coolant temperature distribution, the temperature of outer and inner cladding,the temperature of outer and the center line ofthe fuel, and the DNBR. The calculation was performed at a steady state nominal power by comparing the results between the calculation using variations in the fixed value of thermal conductivity cladding and fuel as input data and the calculations using conductivity as a function of temperature. The calculations of fixed value of thermal conductivity were conducted using COBRA-EN code while the calculations of the conductivity as a temperature function were performed using COBRA-EN code + MATPRO [12] . As a hypothesis, several thermal-hydraulic analysis using fixed thermal conductivity were not valid for analysis due to the fuel center line temperature which out of the range compared to the ones using thermal conductivity as temperature function.
The COBRA-EN code provides a capability for the thermal-hydraulics analysis oflight water reactor (LWR) type NPPs Table 1 . Rod Dimension of PWR-1000 [13, 14] Pellet density (% theoretical density)(bothBoilingWater Reactor (BWR) and Pressurized Water Reactor (PWR)) on steadystate and transient conditions. This code used channel and sub-channel analysis approach to determine the coolant flow and enthalpy distribution in rod bundles. The input data are the linear power, fuel rod geometry, thermal properties of fuel and cladding, primary system exit pressure, inlet mass flux for fuel channels and inlet coolant temperature. While the output dataarethe distribution of enthalpy, core pressure drop, coolant flow rate, fuel and cladding temperatures, heat flux and DNBR.
There are two options when inputting the thermal properties of fuel and cladding as the input data of COBRA-EN, whether (1) the values of specific heat and thermal conductivities of fuel and cladding were fixed, or (2) the values of specific heat and thermal conductivities of fuel and cladding as a temperature functions (the value changed based on temperature reference). Specific heat and thermal conductivities of fuel and cladding as a temperature functions can be calculated using subroutine of MATPRO [15] and has been used in analysis of VVER [11] and LWR [13, 14, 16] . The LWR fuel rod cladding (zircaloy-2 or -4) have been modeled for inclusion in the MATPRO [12] material properties subroutine. Modeling approaches range from the experimental data with linear interpolation or extrapolation to a semi empirical expression suggested by theory. The data of specific heat capacity of Zircaloy-4 in MATPRO was described in Table 2 .
From Table 2 , the standard error for data points between 300 and 800 K were 1.1 J/kg.K, for data points between 800 and 1090 K were 2.8 J/kg.K, and10.7 J/kg.K for data points between 1090 and 1310 K [12] .
The heat transfer from the fuel pellet to the reactor coolant depends partly on thermal conductivity of the cladding. In MATPRO, the correlation of thermal conductivity for temperature less than 2098 K was described in Equation 1. The standard error of the thermal conductivity of Zircaloy in Equation 4 was 1.01 W/m.K [12, 13] . Each notation in the equations were described in nomenclature. In MATPRO, the specific heat capacity of fuel was modeled empirically as functions of four parameters: composition, temperature, molten fraction and oxygen to metal ratio. The correlation for specific heat of UO 2 was shown in Equation (2) [12, 13] .
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where C p is specific heat capacity of UO 2 (J/kg.K); K 1 is constant = 296.7 (J/kg.K); K 2 is constant = 2.43 × 10 It should be noted that the constants of K 1 , K 2 , K 3 , θ and E D were determined by Equation (2) and only valid at fuel temperatures greater than 300K. The specific heat capacity correlation of UO 2 has standard error of + 3 J/kg.K [12, 13] .
The thermal conductivity correlation of uncracked UO 2 fuel in MATPRO was shown in Equation (3) [12, 13] . 
where k f is thermal conductivity of UO 2 (W/m.K); D is the fraction of theoretical density (-); T' is porosity correction (T'=6.50-T f *(4.69×10-3) for temperature < 1364 K, T'=-1 for temperature > 1834 K, and T' was found by interpolation for temperature in the range 1364 to 1834 K); A is a factor proportional to the point defect contribution to the phonon mean free path (m.s/kg.K). The correlation used for this factor was 0.339 +
12.6×absolute value (2.0 -O/M ratio); T f is fuel temperature (K).
The fixed value of thermal conductivity of UO 2 fuel (k f ) in this calculation was computed using correlation as described in Equation 4 [12, 13] . 
METHODOLOGY
The main problem in thermal-hydraulics analysis using fixed thermal conductivity is how to determine the range of fixed thermal conductivity of fuel and cladding, so the analysis result was accepted. Consequently, analysis using fixed thermal conductivity of fuel and cladding should be compared to analysis using thermal conductivity as temperature function.
In order to obtain the accurate thermalhydraulic analysis of the PWR-1000 using COBRA-EN code, several steps are performed in this computation. First step was the preparation of input data using channel and sub-channel approach to determine the coolant flow and enthalpy distribution in rod bundles. The input data are the linear power, fuel rod geometry, thermal properties of fuel and cladding, primary system exit pressure, inlet mass flux for fuel channels and inlet coolant temperature.
In the calculation, the modeling of 1/8 fuel assembly of PWR-1000 was done using the COBRA-EN code as shown in Figure 1 . Each fuel rod was modeled as one subchannel. The analysis was done for the fuel center line and fuel surface temperatures of the sub-channel indicated by the maximum linear powerof 7 kW/ft, 9 kW/ft, 11 kW/ft and 13kW/ft which equivalent to 22.96 kW/m, 29.53 kW/m, 36.09 kW/m and 42.65 kW/m established on sub-channel number of 41, 12, 3 and 2 in Figure 1 [5, 14] . The choosen of maximum linear power was in compliance with analysis by NUREG [13] . This model was used in both calculations using fixed and temperature function of thermal conductivity. The sub-channel calculation result will provide the temperature distribution of the fuel meat, cladding and coolant, heat flux and DNBR The second step was performing the calculationsfor thermal conductivity as temperature function using COBRA-EN code + MATPRO. The input data of thermal properties of fuel and cladding was given in negative value. So, the thermal property valuesof fueland cladding as temperature functions will be calculated using Equations (1) to (4) by MATPRO subroutine, automatically. This calculation result was applied as reference in accepting the calculation result using fixed thermal conductivity. The analysis was accepted if deviation between temperature values using fixed and temperature function of thermal conductivity was in the range of-10% to 10% [12] to avoid inaccuracy.
The third step was performing the calculation for the range values ofthermal conductivity and heat capacity of fueland cladding using the COBRA-EN code. The input data of thermal conductivity and heat capacity of fuel and cladding was given in proper value for each calculation. There were 35 combination of thermal conductivity of the fuel and cladding, as shown in Table 3 .
The last step was comparing between the calculation result using thermal conductivity as temperature function and the calculation result using fixed thermal conductivity. The analysis was accepted if the deviation between both temperature was in the range of -10% to 10% [12] .
RESULTS AND DISCUSSION
The calculation of the temperature for coolant and cladding, the fuel center line (T cm ) and surface of the fuel meat (T om ) at nominal power were performed by using 35 models of COBRA-EN code. The calculations results using COBRA-EN code for fixed thermal conductivity and COBRA-EN code + MATPRO for thermal conductivity as temperature function are shown in Table 4. The analysis  was  accepted  if  deviation  between  temperature values using fixed and temperature function of thermal conductivity was in the range of-10% to 10% [12] to avoid inaccuracy. Table 4 shows the acceptance analysis of the fixed thermal conductivity of fuel and cladding compare to analysis using the ones as temperature function (MATPRO) for the hot sub-channel with a maximum linear power of 42.65kW/m. The table shows that the maximum fuel center line temperature using thermal conductivity as temperature function The models of 11 to 15, models of 21 to 25 and models of 31 to 35 have maximum fuel center line temperature lower than the maximum fuel center line temperature of MATPRO and the temperature deviations were less than -10%. It means, the model of 11 to 15, models of 21 to 25 and models of 31 to 35 were not accepted for analysis.
While the models of 71 to 75 have have maximum fuel center line temperature higher than the maximum fuel center line temperature of MATPRO and the temperature deviations were more than 10%. It means, the model of 71 to 75 also were not accepted for analysis. Whereas, the model of 61 and 62 have deviation of fuel center line temperature in the range of -10 to 10%, but the average temperature deviation were more than 10%, so the model of 61 and 62 were not accepted for the analysis. Consequently, in the results of the evaluation of thermal-hydraulics parameters [3] , the maximum fuel center line temperature of AP1000 reactor should be corrected 15% higher.
Furthermore, the maximum fuel center line temperature using fixed thermal conductivity of models of 41 to 45, models of 51 to 55 and models of 63 to 65 have temperature deviations within -10% to 10% if compare to reference. 
CONCLUSION
The analysis of PWR-1000 sub-channel thermal-hydraulic using COBRA-EN code for finding the accurate fixed thermal conductivities value of fuel and cladding has been carried out, by comparing to the analysis one using thermal conductivity as temperature functions using COBRA-EN code + MATPRO. The analysis using fixed thermal conductivity was accepted, if the deviation of the temperature was in the range of -10% to 10 %. Hence, the analysis was accurate, if the calculation using combination of the fixed fuel thermal conductivity in the range of 3.18 -2.90 W/m.K and cladding thermal conductivity variation of 13.00 -18.69 W/m.K, and the calculation using combination of the fuel thermal conductivity of 2.53 W/m.K and cladding thermal conductivity variation of 16.76 -18.69 W/mK.
